Functional imaging computational fluid dynamics simulations of RV inflow fields were obtained by comprehensive software using individual, animal-specific dynamic imaging data input from 3D real-time echocardiography (RT3D), on a CRAY T-90 supercomputer. Chronically instrumented, lightly sedated awake dogs (n=7) with normal (NWM) at control and normal or diastolic paradoxical septal motion (PSM) during RV volume overload were investigated. Up to the E-wave peak, instantaneous inflow streamlines extended from the tricuspid orifice to the RV endocardial surface in an expanding fan-like pattern. During the descending limb of the E-wave, large-scale (macroscopic or global) vortical motions ensued within the filling RV chamber. Both at control and during RV volume overload (with or without PSM) blood streams rolled up from regions near the walls toward the base. The extent and strength of the ring vortex surrounding the main stream were reduced with chamber dilatation. A hypothesis is proposed for a facilitatory role of the diastolic vortex for ventricular filling. The filling vortex supports filling by shunting inflow kinetic energy, which would otherwise contribute to an inflow-impeding convective pressure-rise between inflow orifice and the large endocardial surface of the expanding chamber, into the rotational kinetic energy of the vortical motion that is destined to be dissipated as heat. The basic information presented should improve application and interpretation of noninvasive (Doppler color flow mapping, velocity-encoded cine MRI, etc.) diastolic diagnostic studies, and lead to improved understanding and recognition of subtle, flow-associated abnormalities in ventricular dilatation and remodeling.
INTRODUCTION
The fluid dynamics of diastolic filling are essentially unexplored for the right ventricle (10, 11) , although in the context of the left ventricle they have been shown to hold great importance for proper evaluations of diagnostic studies and in pathophysiologic investigations of ventricular function (17, 18, 21, 22) . The elegant, classic experimental in-vitro findings on mechanical left heart models and their analytical interpretation reported by Bellhouse (1) have shown that ventricular dilatation, common in heart failure, induces a decrease in the diastolic filling vortex strength. The diastolic filling vortices of interest here are "global" or "macroscopic" in the sense that they occupy a sizeable region within the chamber. They are "large-scale" structures, in contrast to "microscopic" high-frequency disturbances (eddies) within the turbulent regime downstream of a stenotic valve. Knowledge concerning diastolic RV flow field characteristics under normal conditions and changes induced by chamber dilatation should improve application and interpretation of noninvasive diagnostic studies (Doppler color flow mapping, velocity-encoded cine MRI, etc.) under these conditions. They should also lead to better insights into factors limiting the accuracy of indicator dilution measurements in RV dilatation, and point toward new research areas on aspects of intracardiac flow that could be implicated in the pathophysiology of failure characterized by chamber dilatation and remodeling and their sequelae.
For these reasons, RV intraventricular diastolic filling flow patterns were investigated under normal conditions and during volume overload with or without paradoxic septal motion (PSM), as an extension of our previously published work (13) . Functional imaging of the diastolic RV flow field involving computational fluid dynamic simulations in individual animals was carried out, utilizing 3D real-time echocardiography (RT3D) for dynamic RV chamber reconstructions, which were validated by simultaneous sonomicrometry as described in a recent publication (13) . The simulations yielded high spatial and temporal resolution data on the filling vortex and the evolution of the RV diastolic flow field throughout the E-wave, and quantitative visualizations elucidated its detailed dynamic characteristics in H-00804.2002.R2 4 the hearts of lightly sedated, awake dogs under control conditions and in experimentally induced chamber dilatation.
METHODS
Instrumentation and data acquisition. Because of the complicated dynamic RV geometry, this investigation required application of a recently developed Functional Imaging method (13) , which comprises real-time 3D cardiac imaging and computational fluid dynamics. Figure 2 summarizes the method.
Experiments were performed on seven 20-30 kg dogs, and the functional imaging method was experimentally validated (13) on these same animals, as described in a previous publication. The dogs were premedicated with cefazolin (500 mg) and anesthetized with intravenous pentobarbital (20 mg/kg) and succinylcholine (1 mg/kg). They were ventilated with a Bennett MA 1TM respirator (PuritanBennett, Los Angeles). Sonomicrometric transducers were sewn across the base-apex, anterior-posterior and septal-free wall axes of the left ventricle (LV), and across the RV septal-free wall axis for validation of the dynamic RV chamber reconstruction (2, 5, 13) . Each dog recovered for 7-10 days before control data acquisition in a lightly sedated (morphine 0.7 mg/kg), conscious state. Control data were obtained and digitized at 400 Hertz. Subsequently, volume overload (VO) was induced by tricuspid regurgitation (TR) (13) (14) (15) . Volume overload data were taken 2-3 weeks later, similarly to control. The individual points were converted into 3D Cartesian coordinates and stored in a file. Each file was a 4D-matrix containing a sequence of 3D RV chamber "volumes" ordered chronologically. Each "volume" was a succession of endocardial border layers from apex to base (Figure 2, inset 1 ).
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Reconstruction of endocardial border points. The data representing the extracted endocardial edges were in layered form and were further processed to generate the desired coordinates in 3D. To obtain RV diastolic flow field simulations at a temporal resolution of 400 Hz, it was necessary to approximate the 3D RV geometry at time instants between successive RT3D images. Under steady-state conditions, RV geometry was calculated at these instants as a quadratic weighted-average of the dynamic geometry in contiguous RT3D frames. Representative RV reconstructions are depicted in Figure 2 , inset 2.
Dynamic RV chamber volume, using SSM and sonomicrometric dimensions, and its time derivative or "inflow rate" were also calculated and compared to those obtained using RT3D data (cf. PSM to those with NWM. We examine snapshots of the RV flow field at the following three informative points of the E-wave: early in the upstroke, at peak volumetric inflow, and late in the downstroke.
Early upstroke through the peak of the E-wave. wall in the NWM model, and toward the septum in the PSM model, as previously described (13) .
The bottom panels pertain to peak volumetric inflow rate: the peak volumetric inflow velocity was 136 cm 3 /s for NWM and 216 cm 3 /s for PSM. Because of the higher inflow rates compared to the early inflow stage, stronger velocity fields are observed with both NWM and PSM. The magnitudes of the axial (z-components) of the velocity vectors were predictably larger (dark blue) in PSM than NWM because of the much higher peak volumetric inflow rate in the volume overloaded (TR) condition.
As earlier in the E-wave, NWM and PSM yield fundamentally similar fan-shaped flow velocity showed that the vortical motion was stronger in the former, with a high intensity in the region surrounding the main incoming stream below the inflow orifice. This effectively encroaches on the available central core area beyond the inflow orifice that is available for flow toward the apex. The encroaching effect was more pronounced in the simulations under control conditions than in the dilated volume overloaded ventricles (cf. Figure 5 ). This is responsible for the higher velocity vector magnitudes present within the normal flow field, referred to in the preceding paragraph. As illustrated in the representative case shown in Figure 3 , the vortical motion generated in the dilated ventricles with PSM had a more even spatial distribution. In addition, the space available for flow toward the apex, marked by the blue, green and yellow zones, was significantly greater for the volume overloaded situation.
DISCUSSION
We have recently developed a comprehensive software environment that is able to model complex by the Bernoulli mechanism raises the pressure energy opposing ventricular inflow along any streamline.
An adverse convective (11) (12) pressure gradient develops and this is augmented by the local deceleration (11) (12) gradient during the downstroke of the E-wave. As is shown diagrammatically in the left lower panel of Figure 4 , the fanning streamlines are curved. This implies that the streaming blood is acted upon by a centripetal force and that the convective pressure gradient has a component normal to the concave streamlines also, which tends to drive the blood toward the base of the chamber (Figure 4) . Ultimately, Instead they break up into smaller eddies and this process is continued, until the vortices are reduced to micron-size eddies and at that level (Kolmogorov "microscale") they dissipate under the action of viscous forces (19) . The process is known as the vortical cascade mechanism. This implies that vortices are essentially "traps" or "sinks of energy". Whatever kinetic energy is trapped in the recirculating motion of a vortex is bound to be converted to heat and lost from the motion and therefore cannot in fact aid ejection.
We propose a new hypothesis concerning the useful role played by the vortices in overall diastolic function. According to it, the difference between the inflow orifice area (A i ) and the endocardial surface area (A endo ) is responsible for generating strong convective deceleration before transition to vortical flow in diastole (cf. Figure 4) . The diastolic intraventricular pressure gradient resulting from this convective deceleration, termed "convective deceleration load," adversely impacts diastolic inflow. This adverse impact is amplified in the presence of ventricular dilatation with attendant diastolic "ventriculoannular disproportion." The concept is analogous to the systolic one introduced in earlier studies (12) . The key to the proposed useful physiological role of the vortices lies in their impounding of a certain amount of energy, and this becomes manifest as a decrease in the pressure energy of the inflowing blood. By shunting the inflow work and kinetic energy, which would otherwise contribute an inflow-impeding pressure-rise between inflow orifice and the endocardial surface of the expanding chamber, into the kinetic energy of the vortical motion (Figures 4 and 5 ) that is destined to be dissipated as heat, the diastolic vortex actually facilitates filling and the attainment of higher end-diastolic volume. 
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